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ABSTRACT 

The  periodicity  and  angular  spread  of  the  in-plane  magnetization  for  ultrasoft 
nanocrystalline  FeZrN  films  were  estimated  from  an  analysis  of  the  ripple  structure,  observed  in 
Lorentz  transmission  electron  microscopy  (LTEM)  images.  The  influence  of  the  micromagnetic 
ripple  on  the  ferromagnetic  resonance  (FMR)  width  is  analyzed  using  an  approach  based  on  the 
Landau-Lifshitz  equation.  A strong  dependence  of  the  resonance  width  on  the  magnetic  moment 
dispersion  is  predicted.  To  a large  extent  this  particular  aspect  explains  the  high  frequency 
response  in  some  of  our  films. 


INTRODUCTION 

Nanocrystalline  FeXN  films  proved  to  exibit  excellent  ultrasoft  magnetic  properties  with  a 
saturation  magnetization  up  to  or  above  4nM  =15  kG  and  a high  magnetic  susceptibility  in  the 
frequency  range  around  and  above  1 GHz  [1-4].  The  influence  of  the  grain  size,  D,  on  the  dc- 
magnetism  has  been  analyzed  in  Hoffman’s  and  Herzer’s  papers  ([5,6]  and  ref.  therein).  A grain 
size  much  smaller  than  the  size  of  the  coupling  volume  is  necessary  to  average  out  the 
magnetocrystalline  anisotropy.  The  residual  magnetocrystalline  anisotropy,  proportional  to  D3/2, 
causes  a stray  field  predominantly  oriented  along  the  easy  axis  and  an  angular  spread  of  the 
magnetization,  which  is  observed  as  a ripple  structure  in  LTEM  [7,8].  The  amplitude  of  the 
angular  spread  Po,  which  is  a measure  of  the  stray  field,  was  obtained  from  an  analysis  of  the 
LTEM  ripples  for  the  films  deposited  and  post-treated  under  various  conditions.  The  range  of 
operating  frequencies  for  these  films  is  limited  by  the  frequency  and  by  the  width  of  the  FMR. 
Besides  contributions  to  the  FMR  width  due  to  dissipation  sources,  which  are  characteristic  for 
crystalline  and  polycrystalline  ferromagnetic  films,  an  additional  contribution  exists  in 
nanocrystalline  films  due  tothe  local  variation  of  the  magnetization.  Despite  of  its  importance,  so 
far  only  few  publications  have  addressed  this  problem. 

Here  we  discuss  the  effect  of  the  micromagnetic  ripples  on  the  FMR  response,  using  an 
approach  based  on  the  Landau-Lifshitz  equation  where  the  effective  field  includes  the  internal 
stray  field.  We  predict  a strong  dependence  of  the  resonance  width  on  the  magnetic  moment 
dispersion  and  show  that  the  internal  stray  field  can  be  a major  cause  of  broadening  of  the  FMR. 
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SAMPLE  PREPARATION 


Fe-Zr-N  films  were  prepared  by  dc  magnetron  reactive  sputtering.  Films  with  a thickness 
between  50  and  1000  nm  were  deposited  at  several  temperatures  between  room  temperature  and 
200  °C.  The  films  were  grown  in  a nanocrystalline  structural  state  on  glass  or  silicon  substrates. 
Polymer  or  Cu  underlayers  were  used  to  be  able  to  float  the  film  on  a grid  for  TEM  investigation, 
The  deposition  conditions  were  chosen  to  obtain  a composition  (Fe99Zri)ixNx,  where  the 
concentration  of  nitrogen  was  in  the  range  x < 25  at%.  An  800  Oe  magnetic  field  was  applied  in 
the  plane  of  the  samples  during  deposition.  More  details  on  the  film  deposition  can  be  found  in 
[9].  X-ray  diffraction  (XRD),  as  well  as  conventional  TEM  and  selected  area  diffraction  (SAD), 
reveal  a 2-30  nm  size  of  crystallites  for  most  of  the  investigated  sputter-deposited  films,  see,  for 
example,  Fig. la. 


LTEM  ANALYSIS 

The  LTEM  image  in  Figs,  lb,  shows  a ripple  pattern,  strongly  dependent  on  the 

microstructure.  For  grain  sizes  of  10- 
50  nm  and  smooth,  flat  surfaces,  the 
ripples  are  almost  parallel  (Fig.la.b), 
while  for  films  with  a large  roughness, 
grain  size,  porosity  or  other  type  of 
large  size  (>lpm)  defects,  the  LTEM 
ripples  start  branching  (Fig.lc.d)  or 
form  a disordered  structure. 

It  was  noted  [7]  that,  due  to 
exchange  interactions,  longitudinal 
oscillations  of  the  transversal 
component  of  the  magnetization 
AMy(x)  are  energetically  more 
favorable  than  the  transversal 
oscillations  AMy(y).  Here  the  .vy-plane 
is  assumed  to  be  parallel  to  the  film 
surface  and  the  .v-axis  parallel  to  the 
easy  axis  (EA).  Approximating  the 
oscillation  by  a single  period 

harmonic  function: 

AMy(x)  = M/5osin(2nxlAK  (1) 

one  can  relate,  using  the  theory  of  electron  diffraction,  the  contrast  of  the  LTEM  picture,  Cx,  with 
the  periodicity,  Xx  (in  nm),  of  the  ripples,  with  the  deviation  angle,  /ft  (in  degrees),  of  the  local 
magnetization  from  the  mean  direction  [10] 


Figure  1.  The  ripples  for  two  films  with  different 
microstructure. 
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Cx  =[lx(0)  -Ix(Xj2)]llx(Xj4)=  =(4nMPotXxl2®o)sin[AzXol(2}zXx2)], 


(2) 


where  Ix(O),  lx(Xj2 ) and  Ix(Xxl4 ) are  the  image  intensities  in  the  maximum,  in  the  minimum  and 
in  the  middle  point  of  the  ripples,  respectively,  t is  the  thickness  of  the  film  (in  nm),  0o  = h/2e  is 
the  flux  quantum,  Az  is  the  defocus  distance  in  the  microscope  and  Xo  is  the  electron  wavelength 
( Xo  = 2.5  pm  for  the  200  keV-  electrons).  For  maximum  contrast  one  can  obtain  the  relation, 
which  has  been  used  before  [11]: 

po  ~0.59xlCf'CI(47tMtX).  (3) 

The  periodicity  in  our  films  varies  in  a wide  range  from  200  nm  to  2 |im,  depending  on  the 
micro(magnetic)  structure  of  the  film.  The  uncertainty  in  the  experimental  values  of  X and  C was 
about  +20%  and  was  due  to  a large  variation  in  the  distance  between  ripples,  meaning  that  the 
ripples  are  not  strictly  periodic.  Applying  this  analysis  to  different  films,  we  obtained  for  pi 
values  between  0.3°  and  2.0°.  The  po  values  are  0.8°+0.2u  and  1 .5°±0.3°  for  the  films  shown  in 
Fig.  la  and  lc,  respectively. 


RF  AND  DC  FIELD  MEASUREMENTS 


The  technique  for  high  frequency 
measurements  was  similar  to  that  in 
[12],  The  frequency  dependences  of  the 
real,  //’ , and  imaginary,  jJ.” , parts  of  the 
permeability,  plotted  in  Fig.2, 
correspond  to  the  same  sample  as  in 
Figs.  la,b,  i.e.  for  the  sample  with  a 
polymer  underlayer.  The  spectra  were 
obtained  in  the  absence  of  a dc-field  and 
with  the  rf-fteld  perpendicular  to  the 
easy  direction  (EA).  The  sample  does 
not  show  the  best  RF  properties  we 
obtained,  but  allows  a fair  comparison 
between  LTEM  and  RF  data.  The 


„ „ „ , , , ,,  ,r.  A observation  limit  of  the  frequency 

Figure  2.  Frequency  dependences  ju  (j)  and  u (j).  ' J 

Experimental  curves  are  fitted  using  (14)  and  (15)  response  was  /=  o!2k~  1.8  GHz, 

averaged  over  the  period  of  the  stray-field  which  is  lower  than  the  resonance 

oscillations.  frequency  foo  =1 .9  GHz,  determined  by 

zero-crossing  of  ju’ . The  ji”  (f) 

dependence  shows  a bump  at  1.6  GHz,  i.e.  at  a significantly  lower  value  than  foo. 
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THEORY 


Let  the  local  EA  be  at  an  angle  [i  with  the  x-axis.  The  magnetization  M is  at  an  angle  <p 
with  the  x-axis,  at  6 with  the  surface  normal  (z-axis)  or  at  y/=  90n-9  with  the  film  surface.  H,i,  is 
the  magnitude  of  the  dc-magnetic  field  applied  along  the  x-axis.  Hrf  is  the  high  frequency  the 
field  applied  along  the  hard  axis  direction.  The  Landau-Lifshiz  equation  reads: 

dMIdr  = yMx{-  VE)  - (aylM)Mx[Mx(-  VE)],  (4) 

where  cris  a damping  coefficient,  /is  the  gyromagnetic  ratio,  - VE  is  the  generalized  force.  For 
the  free  energy  we  have 

E=Ksin2((j>-/3)  - M [H cos\pcos<p  + H ^■cos\j/cos(<t>-<ptt)  + H rfMcos\ffsin</>  - (l/2)N-Msin2y/], 

(5) 

where  K is  the  anisotropy  constant,  N:  = 4tt  is  the  demagnetizing  factor  and  <pu  defines  the  local 
direction  of M,  when  only  dc-field  is  applied.  Fora  single-harmonic  longitudinal  oscillation  of 
magnetization  vector,  Eq.  (1),  one  can  obtain  for  the  stray  field 

Hstrjt=  - nM(,fi  ,02cos(4m/A),  (6) 

Assuming  a ; <p,  <po,  f5,  y/«  1 , Hs„  , H,u,  Hk-2KIM  « M , and  Hrf  « Hs„  , //,/, . //;.  one  can  obtain 


a linear  differential  equation: 

cfipldt2  + ay2N:M(dtj>/dt)  + (a2<p  + fplh  = = (f  N-M  +iayco)Hrf  , (7) 

where  at,2  = fNM(HcS  +Hs,r)  with  II, „ = 11,,,+lh  (8) 

If  Hrf  = hrfexp(iox),  then  a solution  can  be  found  in  the  form  of 

0=  <j>u  + i/>iexp(ica+i5),  (9) 

Substituting  <p(t)  into  the  differential  equation  (7)  gives 

<t>0  = PHkIHt.ff, 

<S>!  = fhrfN:MI[(cd >2  - o$  f + (ayaNM)2]112 , (10) 

igS=  aycoNzM  l(at2  - (J). 


When  the  dc-field  is  perpendicular  and  the  rf  field  parallel  to  the  EA  similar  expressions  can  be 
obtained.  This  case  can  be  easily  treated  when  H,i,»Hk  and  the  angle  <j>  is  close  to  7tl 2,  so 
Tj=nl2-(jK<  1,  for  which  the  differential  equation  (7)  is  valid  with  H,ir  = H,„  - Hk  in  Eq.  (8). 

Note,  that  the  local  variation  of  the  resonance  frequency  (pi  in  (8)  can  be  large  if  the 
magnitude  of  the  stray  field  is  comparable  with  the  anisotropy  and  dc  fields.  Within  the 
approximations  made,  we  can  write 
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at,2  = yNzM(HtU  + HSIr  ±Hk), 


(11) 


where  + and  - correspond  to  dc-field  parallel  and  perpendicular  to  the  EA,  respectively.  When 
the  amplitude  of  the  local  variation  of  the  stray  field  does  not  exceed  the  effective  field  Hejj  = //*■ 
± Hk  then  the  broadening  of  the  FMR  width  due  to  the  stray  field  can  be  estimated  roughly  as 

<W>  = fNM<Hj>"2  = ]rfNzM2pol(2)m  (12) 

Eq.  (12)  can  only  be  used  for  a rough  evaluation  and  the  average  HF-response  from  the 
whole  sample  must  be  taken  into  account  for  a more  quantitative  analysis.  For  the  magnetic 
permeability  we  can  write 

fi  = 4nM  (<p- </>o)IHrf+  1 = 4xM</>]exp(i8)/hrf+l  (13) 

So,  for  the  real  and  imaginary  parts  of  the  local  permeability  one  obtains: 
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(15) 


where  atm  = y[NzM  Hejf]112  is  the  resonance  frequency  when  the  stray  field  is  absent  and  Hs,r 
varies  from  place  to  place  , according  to  (6).  The  average  of  the  permeability  over  the  film 
volume  is  obtained  by  numerical  integration. 

The  averaged  theoretical  dependencies  fi’ (flfoo)  and  M”fflfoo)  with/oo=  1.9  GHz  are  fitted  to  the 
experimental  data  in  Fig.2,  with  H,ic= 0 and  Hk  = 18  Oe  as  obtained  from  dc-measurements.  An 
almost  perfect  fit  was  obtained  with  only  slightly  different  parameters  for  the  /j’  (oM).016, 
/5ft=2.4°,  4kM  = 14  kG)  and  for  fi”  (#=0.01 1,  /Jrj=2.4°,  4nM=  14  kG).  An  increase  of  the  or  in  the 
fitted  expression  depresses  the  bump  in  p’(f),  while  a decrease  of  the  /5(i-value  leads  to  a too 
sharp  and  to  a shift  of  both,  u’  and  fi"  to  a higher  frequency  region.  It  is  important  to  note 
that  the  model  perfectly  reproduces  the  asymmetric  shape  of  the  ft”  (f)  with  a maximum  below  the 
/oo-value. 

However,  in  order  to  reproduce  the  foo-value,  the  anisotropy  field  has  to  be  assumed  somewhat 
higher  than  it  follows  from  dc-measurements.  In  the  example  discussed  above  this  difference  is 
about  H;~  10  Oe,  assuming  Hejf  = Hk  + H,.  In  other  cases  the  difference  is  small.  A similar  extra 
field  was  necessary  to  postulate  to  describe  observations  in  [13].  The  value  f3o= 2.4°,  obtained 
above  is  about  3 times  higher  than  the  value,  obtained  from  LTEM  patterns.  The  origin  of  the 
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increase  of  the  anisotropy  field  and  the  large  angle  of  the  oscillation  of  the  magnetization  is  not 
clear  at  this  moment.  We  suppose  that  both  items  point  to  a more  complex  magnetic  response  of 
the  spin  system  in  the  GHz-region,  than  was  assumed  in  the  theory.  The  dynamical  response  is 
more  complicated  for  films,  which  have  a stronger  static  ripple  structure.  In  spite  of  this,  the 
shape  of  //(f)  and  are  well  described  because  the  theory  operates  with  the  reduced 
frequencies  (flfw),  reduced  magnetization,  MIH,j j,  and  reduced  stray  field  HslrIHeff,  as  follows 
from  (14)  and  (15). 


CONCLUSIONS 

From  the  LTEM  data,  we  obtained  a large  variation  of  the  periodicity  and  dispersion  angle  of 
the  micromagnetic  ripple  for  films  deposited  on  different  substrates  and  under  different 
conditions.  A large  dispersion  angle  correlates  with  a large  FMR  width  in  high  frequency  scans. 
These  observations  are  in  a good  correspondence  with  the  theoretical  analysis,  which  shows  a 
large  effect  of  the  internal  stray  field  in  nanocrystalline  soft  magnetic  films  on  the  FMR  response. 
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